We have previously reported the use of a combination of computational simulations and targeted experiments to build a first generation mathematical model of peppermint (Mentha 3 piperita) essential oil biosynthesis. Here, we report on the expansion of this approach to identify the key factors controlling monoterpenoid essential oil biosynthesis under adverse environmental conditions. We also investigated determinants of essential oil biosynthesis in transgenic peppermint lines with modulated essential oil profiles. A computational perturbation analysis, which was implemented to identify the variables that exert prominent control over the outputs of the model, indicated that the essential oil composition should be highly dependent on certain biosynthetic enzyme concentrations [(+)-pulegone reductase and (+)-menthofuran synthase], whereas oil yield should be particularly sensitive to the density and/or distribution of leaf glandular trichomes, the specialized anatomical structures responsible for the synthesis and storage of essential oils. A microscopic evaluation of leaf surfaces demonstrated that the final mature size of glandular trichomes was the same across all experiments. However, as predicted by the perturbation analysis, differences in the size distribution and the total number of glandular trichomes strongly correlated with differences in monoterpenoid essential oil yield. Building on various experimental data sets, appropriate mathematical functions were selected to approximate the dynamics of glandular trichome distribution/density and enzyme concentrations in our kinetic model. Based on a x 2 statistical analysis, simulated and measured essential oil profiles were in very good agreement, indicating that modeling is a valuable tool for guiding metabolic engineering efforts aimed at improving essential oil quality and quantity.
The essential oil distilled from peppermint (Mentha 3 piperita) leaves is used in numerous consumer products (e.g. chewing gum, toothpaste, and mouthwash), as a flavor in the confectionary and pharmaceutical industries, and as a source of active ingredients for aromatherapy. Peppermint oil consists primarily of p-menthane-type monoterpenes, with smaller amounts of other monoterpenes and very minor quantities of sesquiterpenes (Rohloff, 1999) . The essential oil is synthesized and accumulated in specialized anatomical structures called peltate glandular trichomes (Gershenzon et al., 1989; McCaskill et al., 1992) . These trichomes contain secretory cells, arranged in an eight-celled disc, which are responsible for the synthesis of the oil. Nascent essential oil is secreted into an emerging cavity formed by the separation of a preformed layer of cuticular material (Amelunxen, 1965) . Over the last two decades, the entire complement of genes and enzymes involved in the peppermint monoterpenoid essential oil biosynthetic pathway has been characterized (for review, see Croteau et al., 2005) .
Transgenic peppermint plants have been generated in efforts aimed at modulating essential oil yield and composition. Mahmoud and Croteau (2001) reported that, by overexpressing the gene encoding 1-deoxy-Dxylulose 5-phosphate reductoisomerase (DXR), oil yield increases (compared with wild-type plants) of up to 50% were observed. Antisense suppression of the (+)-menthofuran synthase (MFS) gene led to a dramatic decrease in the amounts of the undesirable side product (+)-menthofuran (elite transgenic line designated MFS7a; Mahmoud and Croteau, 2001) . A slight increase in overall monoterpene yields was reported for transgenic plants with increased expression levels of the gene encoding (2)-limonene syn-thase (LS; Diemer et al., 2001) , whereas only negligible effects on yield were detected in an independent study (Krasnyansky et al., 1999) . Transgenic plants overexpressing the gene coding for (2)-limonene 3-hydroxylase (L3H) did not accumulate increased levels of the recombinant protein, and the composition and yield of the essential oils were the same as in wildtype controls; however, cosuppression of the L3H gene resulted in a vastly increased accumulation of the intermediate (2)-limonene, without notable effects on oil yield (elite transgenic line designed L3H20; Mahmoud et al., 2004) .
Mathematical modeling can be a powerful tool to support metabolic engineering efforts, including those performed with peppermint. Stoichiometric modeling only requires knowledge of the topology of reactions in the pathway and inputs/outputs. This is a particularly useful approach to determine flux distributions and the systemic characteristics of metabolic networks (for review, see Llaneras and Picó, 2008) . When experimental designs supporting metabolic and isotopic steady state are employed, isotope labeling data can be utilized for the development of quantitative flux maps of metabolic pathways (for review, see Libourel and Shachar-Hill, 2008) . For dynamic systems, kinetic modeling is regarded as the generally most suitable method (McNeil et al., 2000; Poolman et al., 2004; Bruggeman and Westerhoff, 2006; Rios-Estepa and Lange, 2007; Mendes et al., 2009) . Building on the rich body of published data on the enzymology and physiology of the peppermint monoterpene pathway (for review, see Croteau et al., 2005) , we recently developed a first generation kinetic model to simulate the dynamics of peppermint monoterpene composition (Rios-Estepa et al., 2008) . Modeling indicated that the monoterpene profiles observed in leaves of plants grown under lowlight conditions could be explained if one assumed that (+)-menthofuran, a dead-end side product, acted as a heretofore unknown competitive inhibitor against (+)-pulegone, the primary substrate of the branch point enzyme (+)-pulegone reductase (PR; Fig. 1 ). Follow-up biochemical studies established that this prediction was correct (Rios-Estepa et al., 2008) , thus illustrating the utility of an approach that integrates mathematical modeling with experimental testing.
As part of this study, a computational perturbation analysis was used to predict factors with the potentially greatest impacts on peppermint essential oil yield and composition (specific biosynthetic enzymes and the density of oil-synthesizing trichomes). To test these modeling predictions experimentally, we first acquired biometric data with peppermint plants grown under several environmental conditions known to adversely affect oil accumulation (Burbott and Loomis, 1967; Clark and Menary, 1980) and the transgenic line MFS7a, for which an altered essential oil profile had been reported earlier (Mahmoud and Croteau, 2001) . Building on these experimental data sets, we then developed a second generation model that accounts for biochemical, developmental, environmental, and genotypic factors of essential oil formation. This updated model was then used to simulate monoterpenoid essential oil profiles for the transgenic line MFS7a grown under low-light environmental stress conditions and the transgenic line L3H20, which had previously been shown to have vastly reduced expression levels of the gene encoding L3H. In both cases, simulated and measured monoterpene patterns were very similar, indicating that mathematical modeling has great potential for guiding efforts aimed at developing peppermint lines with high oil yields and favorable composition, even under adverse environmental conditions.
RESULTS

Experimental Design and Modeling Assumptions
As part of our ongoing efforts to expand our capabilities for utilizing mathematical modeling as a tool to generate testable hypotheses regarding the regulation of metabolic pathways, we evaluated the plasticity of peppermint monoterpenoid essential oil composition and yield under various environmental conditions and in two transgenic lines. In particular, we were interested in finding the minimum experimental data to support accurate simulations of monoterpene composition without any computational optimization of the model. This was possible because of the vast amount of available experimental data on the regulation of peppermint essential oil biosynthesis. All modeling assumptions were inferred directly from experimental observations, thus providing us with a unique opportunity to evaluate the depth of our understanding of this pathway. Here, we will provide a general overview of modifications to our first generation model (described in Rios-Estepa et al., 2008) . A description of all modeling assumptions is given in Supplemental Data S1.
Expansion of Model Scope
Our first generation model was expanded by including reactions involved in the biosynthesis of terpenoid precursors (enzymes 1-9 in Fig. 1 ). The kinetic constants of enzymes, the rate equations reflecting enzyme properties, and all other parameters relevant to the current model are provided in Supplemental Data S1. A mechanism following regular Michaelis-Menten-type kinetics was assumed for all enzymes with the following exceptions: (1) reversible reaction mechanisms with appropriate equilibrium constants were introduced for DXR and (2)-menthone:(+)-neomenthol reductase (enzymes 2 and 18a, respectively, in Fig. 1 ; Davis et al., 2005; Rohdich et al., 2006) ; and (2) bi-bi reaction mechanisms (two substrates, two products) were assumed for 1-deoxy-D-xylulose-5-phosphate synthase (DXS; enzyme 1 in Fig. 1 ) and geranyl diphosphate synthase (enzyme 9 in Fig. 1) . The former utilizes an ordered mechanism (pyruvate binds first; Eubanks and Poulter, 2003) , whereas a random mechanism was presumed for the latter.
Dynamic Simulation of Glandular Trichome Size and Distribution
Oil yield variation could potentially be caused by environment-and/or genotype-dependent differences in the size of glandular trichomes, which are responsible for synthesizing and storing essential oils. To evaluate this hypothesis and enable estimations of oil yield, trichomes were divided into three different size classes: large (75-82 mm diameter), medium (65-74 mm diameter), and small (50-65 mm diameter). The volume of the essential oil-filled subcuticular cavity of mature glandular trichomes was approximated by a sphere (volume: 4 / 3 p r 3 , with r = radius) minus the volume of the secretory cells [
, with R = radius at the wider end, r = radius at the narrower end, and h = height of the frustum], multiplied by an adjustment factor (0.9) to account for the fact that the oil storage cavity also contains nonoil mucilage (Supplemental Data S1). Trichome oil contents were thus estimated at 2.03 3 10 24 mL (large-sized trichomes), 1.40 3 10 24 mL (average-sized trichomes), or 0.66 3 10 24 mL (smallsized trichomes). It is also conceivable that the total number of glandular trichomes per leaf or the timing of glandular trichome formation could be modulated in plants with different oil yields. A logistic function to simulate experimentally determined glandular trichome distribution was selected based on manual trial-and-error experiments (Supplemental Data S1). This function specifies an initial lag time, then grows quickly and, because of limits in the size of the glandular trichome population, eventually levels off at the later stages of leaf development. Enzyme concentrations are key parameters in kinetic models. The concentrations of monoterpene biosynthetic enzymes in leaf glandular trichomes of peppermint grown under greenhouse conditions had been inferred directly from experimental data (for details, see Rios-Estepa et al., 2008 ; Supplemental Data S1). However, it was not practically feasible to determine enzyme concentrations under various environmental conditions, at different stages of leaf development, and in different transgenic plants. Differences between greenhouse-grown wild-type plants and experimental plants were approximated by acquiring quantitative real-time PCR data for key biosynthetic genes and extrapolating differences in gene expression levels to changes in enzyme concentrations. Based on our experimental observations, a logarithmic function was introduced to approximate changes in enzyme levels from experimentally determined gene expression changes (Supplemental Data S1).
To assess gene expression patterns, secretory cells were isolated from leaves at 15 d after leaf emergence (the time of maximum essential oil biosynthetic activity), RNA was extracted (modified from Lange et al., 2000) , and the expression levels of key genes involved in determining oil composition (PR and MFS; Fig. 2 ) and yield [DXS, DXR, 4-diphosphocytidyl-2C-methyl-D-erythritol kinase (CMK), 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase (HDS), LS, and L3H] were assayed using quantitative real-time PCR. The "yield genes" were selected because the encoded enzymes are responsible for precursor supply and have relatively high K m and low turnover number (K cat ) values. We used a Gauss function to approximate the shape of the curve representing temporal changes in gene expression levels based on extensive experimental data acquired with greenhouse-grown plants (Rios-Estepa et al., 2008; Supplemental Data S1) .
Posttranslational Regulation of Pathway Flux
Feedback control was incorporated into our model by modifying appropriate rate equations based on experimental data: (1) substrate inhibition of PR (enzyme 16 in Fig. 1 ; Rios-Estepa et al., 2008) ; (2) competitive inhibition of PR by (+)-menthofuran (Rios-Estepa et al., 2008) ; and (3) competitive inhibition of isopentenyl-diphosphate isomerase (enzyme 8 in Fig. 1 ) by geranyl diphosphate (Ramos-Valdivia et al., 1997) . In a recent publication (Rios-Estepa et al., 2008) , we reported that the (+)-menthofuran concentration in secretory cells was roughly 400 mM when plants were grown under greenhouse conditions, which increased dramatically under low-light stress conditions. Since (+)-menthofuran is a competitive inhibitor of (+)-pulegone reductase, its concentration in secretory cells can have significant effects on oil composition and yield, which was accounted for by the introduction of the factor z (Supplemental Data S1). Analogously, the factor w was used to account for the amounts of the intermediate (+)-pulegone in secretory cells (Supplemental Data S1).
Testing the Validity of Modeling Assumptions
The focus of this study was to evaluate the minimum set of experimental data that, when incorporated into our model, generate simulations reflecting experimentally determined monoterpene profiles. It is important to note that we did not use any model-fitting approaches in this work. All modeling assumptions were inferred directly from experimental data. To assess the validity of our modeling assumptions, we performed a very basic goodness-of-fit analysis. We did not attempt to accurately simulate the entire time course of accumulation for each monoterpene. We were primarily interested in how well we could simulate the composition of monoterpenes at 40 d, which corresponds to the developmental stage when commercially grown peppermint would be harvested for oil extraction. From the x 2 goodness-of-fit value for monoterpene profiles at 40 d (experimental versus simulated composition), we calculated a P value (Supplemental Data S1). In the context of our experiments, a nonsignificant P value (P . 0.05) means that there are no statistically significant differences between experimentally determined and simulated monoterpene composition at 40 d, indicating a good fit between experimental and simulated data.
Perturbation Analysis Identifies Key Factors Affecting Essential Oil Yield and Composition
To evaluate the role of individual enzyme activities in determining the composition of peppermint essential oil, we simulated monoterpene profiles by increasing or decreasing their concentrations in the model by 20%. These modifications of modeling parameters (perturbation analysis) were predicted to result only in relatively minor changes of oil yield (4% or less up or down), whereas notable correlations of specific enzyme activities with essential oil composition were predicted ( Fig. 1) . Modifications in the amounts of (2)-trans-isopiperitenol dehydrogenase (IsoDH; enzyme 12 in Fig. 1 ) were forecast to result in concomitant changes in the concentrations of (+)-menthofuran (up 36% when IsoDH is up 20%, and down 17% when IsoDH is down 20%; Fig. 2B ). Modulation of PR concentration was predicted to be associated with changes in the concentrations of (+)-pulegone (59% down when PR is down 20%, and 40% up when PR is up 20%), (+)-menthofuran (25% up when PR is down, and 36% down when PR is up 20%), and (2)-menthone (12% up when PR is 20% up, and 70% down when PR is down; Fig. 2C ). Differences in MFS concentration were predicted to impact primarily (+)-menthofuran concentrations (8% up when MFS is up 20%, and 7% down when MFS is down 20%; Fig. 2D ). As shown in Figure 2E , changes in the concentration of (2)-menthone:(2)-menthol reductase (MMR; enzyme 17a in Fig. 1 ) were modeled to affect the profiles of (2)-menthone (74% down when MMR is up 20%, and 76% up when MMR is down 20%) and (2)-menthol (19% up when MMR is up 20%, and 20% down when MMR is down 20%). When the concentrations of all enzymes considered in our model were raised by 20% (in a coordinated fashion), the model predicted a modest 5% increase in oil yield, whereas lowering all enzyme concentrations by 20% was modeled to result in a more pronounced oil yield decrease (15%; Fig. 2F ). Modifications of the factor z, which accounts for the retention of (+)-menthofuran in secretory cells under adverse environmental conditions (Supplemental Data S1), were predicted to lead to only minor changes in oil yield (less than 1% change when z is 20% up or down) and composition (Fig. 2G ). The strongest correlation between modulation of a potential yield factor and measured oil yields was observed if one assumed an increase or decrease in the density of leaf glandular trichomes (22% up with 20% increased glandular trichome density, and 28% down with 20% decreased glandular trichome density; Fig.  2H ). We thus performed a series of experiments to assess this prediction experimentally.
Simulation of the Essential Oil Profile in Transgenic Peppermint Line MFS7a
Experimental Design and Essential Oil Yields
We chose to reevaluate a transgenic line that had previously been demonstrated to produce monoterpene profiles that are significantly different from those of wild-type plants. This line, designated MFS7a, had been transformed with a construct containing an antisense cDNA of the peppermint (+)-menthofuran synthase gene (Mahmoud and Croteau, 2001 ) and was generated initially to reduce the levels of the undesirable dead-end pathway side product (+)-menthofuran. The MFS7a line, which accumulates the MFS transcript to only 14% of the levels in wild-type plants (Mahmoud and Croteau, 2001) , has been propagated under greenhouse growth conditions for 7 years along with its wild-type progenitor. The MFS7a antisense plants accumulated, compared with wild-type plants, lower levels of both (+)-menthofuran (20% of the wild type) and (+)-pulegone (20% of the wild type; Fig. 3 , A and B), and, surprisingly, produced 35% higher oil yields compared with the wild type (Fig. 3F ).
Using Gene Expression Data to Approximate Enzyme Concentrations
The expression levels of the genes encoding DXS, DXR, CMK, HDS, LS, L3H, and MFS were higher in wild-type controls compared with MFS7a plants (4.0-, 1.4-, 1.4-, 2.4-, 4.4-, 2.9-, and 7.2-fold higher, respectively; Fig. 3E ). In contrast, the PR gene was expressed at very low levels in the wild type (6.9-fold lower than in MFS7a plants). As described above, a function was used to approximate enzyme concentrations from these experimentally determined gene expression levels (Supplemental Data S1).
Glandular Trichome Dynamics
At 30 d after leaf emergence, the majority of glandular trichomes on wild-type leaves were of medium size (57%), with a substantial proportion (39%) of large-sized and a low proportion (4%) of small-sized trichomes (Fig. 3G) . In contrast, the MFS7a line contained a substantially higher proportion of large-sized glandular trichomes (67% at 30 d), fewer mediumsized trichomes (33%), and no small trichomes (Fig.  3G) . Leaves of greenhouse-grown plants at 30 d after emergence contained an average of 10,151 glandular trichomes, which is very similar to the estimate used thus far (10,000 trichomes per leaf). At 30 d, MFS7a plants contained an average of 12,382 glandular trichomes per leaf, about 22% higher than in the wild type. When both the size distribution and the density of glandular trichomes were taken into account, the total monoterpene yield at 30 d was calculated to be 1,477 mg per leaf for wild-type plants (Fig. 3F) , which is only 3.8% off the measured value (1,535 6 156 mg per leaf). Using the same approach, total monoterpene content in MFS7a plants was estimated to be 2,028 mg per leaf (2.5% off the measured value of 2,079 6 155 mg per leaf; Fig. 3F ). These calculated monoterpene contents were about 37% higher in MFS7a than in the wild type, which was very close to the experimentally determined yield difference (35%).
Modeling Results
To evaluate if a combination of gene expression patterns and glandular trichome density and size distribution could account for both monoterpene composition and yield in wild-type plants grown in the greenhouse (WT-GH) and transgenic MFS7a plants grown in the greenhouse (MFS7a-GH) plants under different environmental conditions, we modified our kinetic mathematical model for peppermint essential oil biosynthesis with the experimental data obtained as part of this study (estimated enzyme levels based on measured gene expression patterns [ Fig. 3D ] and experimentally determined trichome distribution and density [Fig. 3, E and F] ). In comparison with WT-GH plants (Fig. 3A) , MFS7a-GH plants were forecast to have high oil yields and a favorable composition [high levels of (2)-menthol, with very low levels of (+)-pulegone and (+)-menthofuran; Fig. 3B ]. Based on a x 2 analysis, the P values for the comparisons of simulated versus experimental data were 0.6123 (WT-GH) and 0.1756 (MFS7a-GH; Fig. 3C ), indicating that the simulated monoterpene composition was not statistically different from measured data (good fit).
Simulation of the Effects of Environmental Stress Conditions on Essential Oil Profiles
Experimental Design and Essential Oil Yields
It has been known that, when peppermint plants are grown at low-light intensities, water deficit, or high night temperatures, poor quality oils with elevated amounts of the undesirable metabolites (+)-pulegone and (+)-menthofuran are produced with concomitant decreases in oil yield (Burbott and Loomis, 1967; Clark and Menary, 1980) . To reproduce such environmental conditions, WT-GH control plants, wild-type plants under water deficit (50% of regular volume of fertilizer mix; designated WT-LW), wild-type plants at decreased light intensity (roughly 30% of regular photon flux; designated WT-LL), or wild-type plants under conditions with a combination of low light intensities (as above) and high night temperatures (constant day and night temperatures at 30°C; designated WT-LL/HT) were used. As expected, the oil yield decreased under stress conditions (compared with WT-GH controls, oil yields were 1.6-, 2.3-, and 4.1-fold lower in WT-LW, WT-LL, and WT-LL/HT plants, respectively; Fig. 4F ).
In WT-LW plants, the profiles of the major monoterpenes changed only slightly, and the major difference from WT-GH plants was a 36.5% reduction in oil yield (Fig. 4A) . In WT-LL plants, the amount of the inter- mediate (+)-pulegone increased transiently to 82 mg per leaf (4.1-fold higher than in WT-GH controls), whereas the (+)-menthofuran content increased linearly to 77 mg per leaf at 30 d (70% higher than in WT-GH controls), with a concomitant decrease in total oil yield (Fig. 4B) . When low-light stress was combined with high night temperatures (WT-LL/HT), the amount of the intermediate (+)-pulegone increased transiently to 105 mg per leaf (5.3-fold higher than in WT-GH controls) and the (+)-menthofuran content increased linearly to 63 mg per leaf at 30 d (40% higher than in WT-GH controls; Fig. 4C ). The z value, which accounts for the selective retention of (+)-menthofuran in secretory cells under stress conditions, was adjusted accordingly (Supplemental Data S1).
Using Gene Expression Data to Approximate Enzyme Concentrations
In comparison with WT-GH controls, gene expression levels of DXS, DXR, CMK, HDS, and LS decreased in WT-LW samples, whereas transcript abundance of these genes increased in WT-LL and WT-LL/HT plants (Fig. 4E) . Compared with WT-GH, L3H transcript levels were lower in WT-LL (2.5-fold down) and higher in WT-LW and WT-LL/HT samples (2.6-and 3.9-fold up, respectively). The expression levels of the gene encoding PR increased slightly under all stress conditions, whereas MFS expression was notably induced in WT-LL and WT-LL/HT (6.3-and 3.3-fold up, respectively; Fig. 4E ). These results were used to approximate environment-dependent changes in the corresponding enzyme concentrations and introduced as parameters in our kinetic model (Supplemental Data S1).
Glandular Trichome Dynamics
Glandular trichome density was substantially lower on leaves of plants grown under adverse environmental conditions (7,273, 7,004, and 5,014 glandular trichomes per leaf for WT-LW, WT-LL, and WT-LL/HT plants, respectively; Fig. 4F ). The distribution of different sized glandular trichomes was similar in WT-GH, WT-LW, and WT-LL plants. However, at 30 d after leaf emergence, plants grown under severe stress conditions (WT-LL/HT) had a substantially higher proportion of small-size trichomes at the expense of large-sized trichomes. Plants grown under water deficit conditions (WT-LW) produced 974 6 51 mg of total monoterpenes per leaf, corresponding to a 60% decrease compared with greenhouse-grown controls. When peppermint plants were grown under low light intensities (WT-LL), the essential oil yield (658 6 73 mg of monoterpenes per leaf) was roughly 2.3-fold lower than in WT-GH controls. Under severe stress conditions (WT-LL/HT), the measured essential oil yield was even lower at 377 6 9 mg of monoterpenes per leaf. Based on these measurements, we adjusted the logistic function used to account for the developmental and environmental dynamics of trichome density in our mathematical model.
Modeling Results
The simulated and experimentally determined monoterpene profiles were qualitatively very similar for WT-LW and WT-LL plants, whereas the temporal changes of monoterpene levels in WT-LL/HT plants were quite complex (Fig. 4, A-C) . Based on a x 2 statistical analysis, the simulated monoterpene composition [in particular, high accumulation levels of (+)-menthofuran under LL and LL/HT conditions] was in good agreement with experimental values (nonsignificant P values of 0.2553, 0.1302, and 0.0682 for WT-LW, WT-LL, and WT-LL/HT, respectively). Not unexpectedly, the goodness of fit between simulated and measured data decreased with increasing severity of stress caused by growth conditions.
Simulation of Monoterpene Profiles Based on Minimal Experimental Data
First Case Study
To further evaluate the utility of our kinetic mathematical model, we assessed the minimum set of experimental data needed to accurately simulate experimental outcomes. As a first test case, we modeled monoterpene profiles of transgenic MFS7a plants (antisense-based reduction of MFS transcript levels) grown under low-light conditions (MFS7a-LL) based on two experimental data sets. First, we determined the total monoterpene yield as 1,113 6 115 mg per leaf (Fig. 5E ). Based on previous measurements, we estimated that this yield would translate into roughly 7,500 glandular trichomes (this turned out to be a good estimate, as we later counted 8,262 glandular trichomes per leaf of MFS7a-LL plants; Fig. 5E ). We had also determined previously that, in WT-LL plants, (+)-menthofuran accumulated preferentially in secretory cells, thus leading to an inhibition of PR activity (Rios-Estepa et al., 2008) . Assuming analogous dynamics for MFS7a-LL, the z factor to account for the retention of (+)-menthofuran in secretory cells was adjusted (Supplemental Data S1). We used quantitative real-time PCR to acquire expression data for key genes involved in peppermint monoterpene biosynthesis (Fig. 5C ). These were then used to estimate enzyme concentrations in the Michaelis-Menten rate equations of the model (Supplemental Data S1). After these adjustments, a computational simulation predicted qualitatively lower monoterpene yields compared with MFS7a-GH (the same genotype grown under ideal conditions) but substantially higher yields than in the low-light-grown wild-type plants (WT-LL; Fig. 5A ). In particular, the amounts of the desirable monoterpenes (2)-menthone and (2)-menthol were simulated to be higher in MFS7a-LL than in WT-LL, whereas the undesirable oil components (+)-pulegone and (+)-menthofuran were lower. The simulated monoterpene composition at 40 d was in good agreement with experimental data, as indicated by a nonsignificant P value of 0.1694 (Fig. 5C ).
Second Case Study
As a second test case, we predicted monoterpene accumulation patterns of transgenic L3H20 plants (cosuppression-based reduction of L3H) grown under greenhouse conditions (L3H20-GH), utilizing even fewer experimental data than in the first test case. The L3H expression levels in L3H20 had previously been determined to be less than 0.1% of those in wildtype plants (Mahmoud et al., 2004) . We assumed that this was the only gene affected in this transgenic line and changed the maximum enzyme concentration of L3H in our mathematical model (but not any other enzyme level; Fig. 5F ). Using these assumptions, the model predicted high (2)-limonene levels at approx-imately 850 mg per leaf and low (2)-menthol levels (approximately 60 mg per leaf), whereas no other metabolite should accumulate to appreciable levels (Fig. 5B, dotted line) . The simulated monoterpene composition, which was based on only one previously published experimental measurement (down-regulation of L3H expression; Mahmoud et al., 2004) , was very similar to the experimentally determined data (nonsignificant P value of 0.1362; Fig. 5C ). However, the simulated profiles differed from the measured patterns by a much sharper increase in (2)-limonene levels as opposed to the slower accumulation detected experimentally (Fig. 5B) .
To assess the cause of this discrepancy, we measured essential oil yields and evaluated glandular trichome distribution patterns in L3H20-GH plants. The total oil yield at 30 d was determined as 1,686 6 58 mg per leaf, which is slightly higher than the WT-GH oil content (1,535 6 156 mg per leaf). The trichome distribution, however, was notably different. Glandular trichomes on L3H20-GH plants appeared to mature slower than those on WT-GH plants, as indicated by the size distribution (L3H20-GH, 41% large, 49% medium, 10% small [Fig. 5F ]; WT-GH, 39% large, 57% medium, 4% small [ Fig. 3F]) . Thus, for a second modeling attempt, the logistic function used to account for developmental dynamics in glandular trichome distribution was adjusted to reflect a delayed onset of the exponential growth phase (Supplemental Data S1). It was also assumed that, because of the retarded trichome maturation in L3H20-GH, enzyme profiles would be shifted by reaching their maximum 5 d later (at 20 d) than in WT-GH. Based on these updated assumptions (model 2), the simulation predicted a slower increase in (2)-limonene levels and slightly higher (2)-menthol levels (Fig. 5B, dashed line) . The simulated monoterpene composition was in good agreement with measured data (nonsignificant P value of 0.5849).
DISCUSSION Biosynthetic Gene Expression Patterns Correlate with Monoterpenoid Essential Oil Composition But Not with Yield
Probably the most obvious variables with potential effects on monoterpenoid essential oil composition and yield are biosynthetically relevant gene expression levels and enzyme activities. Interestingly, mRNA levels of DXS, DXR, CMK, HDS, LS, L3H, and MFS were lower in MFS7a plants compared with wild-type controls at the peak of oil biosynthesis, despite a 35% higher oil yield of the transgenic line (Fig. 3, D and F) . In contrast, the decreased amounts of (+)-pulegone and (+)-menthofuran in MFS7a-GH plants (compared with WT-GH) were indeed reflected in the expression levels of the biosynthetic genes (low MFS and high PR expression levels). The expression levels of genes with potential impact on yield (DXS, DXR, CMK, HDS, LS, and L3H) in plants grown under various adverse environmental conditions (WT-LW, WT-LL, and WT-LL/HT) were similar to those in WT-GH, although significantly decreased oil yields were detected in stressed plants. In contrast, expression levels of genes related to essential oil composition (PR and MFS) correlated well with oil yields across all environmental conditions. Taken together, gene expression patterns appeared to be consistent with monoterpene composition, but not yield, in both wild-type and MFS7a plants.
To further evaluate the potential effects of enzyme concentrations on metabolite profiles, we performed a perturbation analysis. This analysis indicated that several enzymes (IsoDH, PR, MFS, and MMR) should have significant control over oil composition. Based on our experimental data, the most relevant changes observed under various environmental conditions were modulations of the concentrations of (+)-pulegone and (+)-menthofuran (Figs. 3-5 ), which were suggested (by way of perturbation analysis) to be primarily due to changes in the levels of PR and/or MFS (Fig. 2) . In contrast, oil yield was affected only slightly when individual enzyme concentrations in the model were increased or decreased by 20% (Fig. 2) .
These modeling results indicated that key enzyme activities are unlikely to be major determinants of oil yield. Such a conclusion is in agreement with the fluxcontrol summation theorem of metabolic control analysis, which states that all enzymes share control over pathway flux, albeit to different degrees (Kacser and Burns, 1973; Heinrich and Rapoport, 1974) . When the concentrations of all enzymes directly relevant to monoterpene biosynthesis in peppermint were modified in the model (coordinately up or down by 20%), the yield was affected by 5% (up) or 17% (down; Fig.  2 ). This means that, although enzyme concentrations can have notable effects on oil yield, other factors must be taken into account to explain the magnitude of changes observed experimentally (e.g. 35% yield increase in MFS7a-GH plants and 75% yield decrease in WT-LL/HT plants, both compared with WT-GH plants).
Maximum Glandular Trichome Size Is Constant But Size Distribution and Density Can Vary Substantially
One possible explanation for high oil yields in MFS7a plants (compared with the wild type) would be a higher import of carbohydrates from photosynthetic cells into nonphotosynthetic glandular trichomes, thus resulting in larger precursor pools and a potentially higher oil synthesis in each trichome. This would mean that the volume of the cavity holding the essential oil would be larger. To test the hypothesis that trichomes might synthesize increased amounts of essential oil, we measured the diameters of glandular trichomes on leaf surfaces of wild-type and MFS7a plants. Interestingly, the maximum diameter of glandular trichomes turned out to be constant (82 mm) and independent of genotype or environmental growth conditions (Figs. 3-5) . However, we noticed that the distribution of trichomes of different sizes correlated with oil yield in a genotype-and environmentdependent fashion. For example, glandular trichomes on MFS7a plants emerged and matured earlier than those of wild-type plants, which was reflected in an increased proportion of large trichomes (75-82 mm diameter; 67% in MFS7a-GH versus 39% in WT-GH; Fig. 3F ). The emergence and maturation of glandular trichomes on plants grown under certain adverse environmental conditions (WT-LW and WT-LL) were similar to those in WT-GH controls and did not correlate with oil yield (Fig. 4F) . Only plants grown under severe stress conditions (WT-LL/HT) had a much higher percentage of small (50-65 mm diameter) trichomes (44% in WT-LL/HT versus 4% in WT-GH), in accordance with low oil yield (Fig. 4F) . A gradient of glandular trichome sizes is generally regarded as an indicator of specific stages of leaf development (Turner et al., 2000) . Thus, our results indicate that the architecture of peppermint glandular trichomes is a fixed parameter, whereas the program controlling trichome development is flexible. By combining the trichome distribution data with an estimate of 10,000 glandular trichomes per leaf (Colson et al., 1993) , one can approximate oil yields in MFS7a-GH and WT-GH plants (for details, see Supplemental Data S1). Based on these calculations, total monoterpene contents would be estimated to be very similar at 1,455 and 1,638 mg per leaf for WT-GH and MFS7a-GH plants, respectively (11% difference), whereas we detected a 35% difference experimentally (Fig. 3F) . Using the same approach, oil yields for plants grown under adverse environmental conditions could be vastly overestimated (estimated versus experimental yields are as follows: WT-LW, 1,489 versus 974 6 51 mg per leaf; WT-LL, 1,460 versus 658 6 73 mg per leaf; WT-LL/HT, 1,007 versus 377 6 9 mg per leaf), thus indicating that an additional factor needed to be considered for more accurate estimations.
While collecting glandular trichome distribution data, we also counted the number of glandular trichomes on leaves taken from wild-type and MFS7a plants grown under various environmental conditions. When these counts and trichome distribution data were combined, calculated oil yields for most samples deviated less than 12% from experimentally determined values (WT-GH, WT-GW, MFS7a-GH, MFS7a-LL, and L3H-GH). Larger discrepancies were observed only when plants were grown under severe stress conditions (WT-LL, estimate 36% too high; WT-LL/HT, estimate 25% too high). However, the oil yield trends (e.g. MFS7a-GH . WT-GH; MFS7a-LL . WT-LL; WT-GH . WT-LW . WT-LL . WT-LL/HT) were reflected in all approximations (Figs. 3-5) .
What Are the Mechanisms Regulating Glandular Trichome Density and Size Distribution?
An important as yet unanswered question relates to the cause of differences in trichome densities and developmental distribution. The higher oil yields obtained from MFS7a plants are surprising, as the only major difference from the wild type at the transcriptional level is the reduced MFS transcript abundance. MFS expression levels should have effects on oil composition, but one might ask why we determined an increased number of leaf trichomes compared with the wild type. By the same token, it is entirely unknown which signals control the reduction of glandular trichome numbers under certain environmental stress conditions.
The plant hormone methyl jasmonate (MeJA) is known to induce various developmental and defense responses in plants. When applied to the stems of certain conifers, MeJA caused the formation of traumatic resin ducts, concomitant with an induction of terpenoid resin secretion (Martin et al., 2002; Hudgins et al., 2003 Hudgins et al., , 2004 . Spraying Arabidopsis (Arabidopsis thaliana) with MeJA led to the induced production of trichome hairs (nonglandular trichomes) on leaf surfaces (Traw and Bergelson, 2003; Yoshida et al., 2009 ). MeJA application also induced an increased number of terpenoid-emitting glandular trichomes on tomato (Solanum lycopersicum) leaves (Boughton et al., 2005; van Schie et al., 2007) . It is conceivable that variation in trichome density and distribution on mint leaves is controlled by the same, or at least similar, regulatory processes. In the context of the experiments reported here, it will be highly informative to test the possible existence of a "push-pull" mechanism (increased expression of a biosynthetic gene induces the initiation of glandular trichomes), which then allows more essential oil to be produced and stored.
Can Enzyme Concentrations in Peppermint Glandular
Trichomes Be Approximated Based on Gene Expression Data?
Methods for utilizing gene expression data for modeling protein fluctuations have been developed, some of which have been applied successfully in microbial biology (for review, see Paulsson, 2005; Cinquemani et al., 2008; Ben-Tabou de-Leon and Davidson, 2009 ). However, data on the utility of these stochastic approaches for plant metabolism are sparse (Rios-Estepa and Lange, 2007) , and we felt that it was important to find an approximation that was supported directly by experimental data. Fortunately, data on dynamic changes of gene expression and protein levels in peppermint glandular trichomes under various controlled experimental conditions were available to us. We found that there was a correlation that could be described using a logarithmic function, and the estimated changes in enzyme activities were subsequently used to approximate changes in enzyme concentrations (Supplemental Data S1). Since we did not perform any computational optimizations, the goodness of fit between simulated and experimentally determined monoterpene profiles could be used as a direct indicator of the appropriateness of our assumptions (all other known factors impacting monoterpene profiles were determined experimentally). The x 2 statistical comparisons indicated that there was no statistically significant difference between simulated versus measured monoterpene profiles at 40 d for all experiments (Figs. 3-5) , thus indicating that our modeling assumptions were valid. We were not surprised that the temporal changes of monoterpene profiles were not in full agreement with measured profiles, particularly when plants were subjected to severe stress (qualitative assessment; . Different environmental conditions and transgene insertions (and combinations thereof) will likely have as yet unknown effects on monoterpene profiles. To potentially elucidate these processes, we are planning to expand our modeling to include parameter fitting in the future, once again utilizing an iterative approach of modeling and experimental testing. Eventually, this will allow us to accurately simulate the full-time courses of all monoterpenes across multiple experimental conditions.
As discussed above, we were successful in simulating monoterpene profiles under various environmental conditions and in specific transgenic lines (Figs. 3  and 4) . These simulations were based on various experimental measurements and certain parameter estimations. Since we intended to utilize kinetic modeling to guide metabolic engineering efforts aimed at improving essential oil yield and composition, we evaluated to which extent experimental outcomes could be simulated based on very limited experimental data. The increased yields measured in MFS7a-GH (compared with WT-GH; 35% higher monoterpene levels) appeared to be a surprising secondary effect of transgene introgression. It was sensible to assume that MFS7a-LL plants, which were used as a test case, would have higher monoterpene levels than WT-LL, but we could not predict the magnitude of that difference, as we had no prior data on the behavior of the MFS7a line under environmental stress conditions. The measurement of essential oil yield (which turned out to be 69% higher in MFS7a-LL compared with WT-LL) was thus a requirement for accurate modeling. The differences between temporal patterns in experimentally determined and simulated profiles indicated that as yet unknown processes modulate specific enzyme activities, but it is very encouraging that the final profile at 40 d was predicted with relative accuracy (Fig. 5C) .
As a test case for utilizing only previously published experimental data for simulations, we chose to investigate the transgenic line L3H20 under greenhouse conditions (L3H20-GH). The simulation (Fig. 5B , dotted line) indicated that we should observe high levels of (2)-limonene, but that was a trivial outcome (accumulation of the substrate of the enzyme whose expression is impaired in the transgenic plant). It seemed more relevant to assess how the slow increase in (2)-limonene could be explained. We thus acquired additional experimental data, in particular with regard to glandular trichome distribution. These data yielded crucial information. It was not predictable that the glandular trichome developmental program was delayed in L3H20-GH compared with WT-GH. When these experimental data were used to adjust modeling parameters, an excellent fit of experimental and simulated monoterpene profiles was observed (Fig. 5, B , broken line, and C).
Our simulations indicate that we can now account for the major factors affecting essential oil yield and composition; however, unpredictable secondary factors might affect glandular trichome initiation and development. Based on our current knowledge, it is feasible to specify a certain range defining possible outcomes of transgenic modifications. For optimizing specific traits, we would still rely on an iterative modeling approach that starts with minimal experimental data and involves the acquisition of additional data as needed. As our understanding of the regulation of essential oil biosynthesis increases, the predictive power of our models will increase as well, and less experimental data will be required for simulations. Using a descriptive approach, one attempts to fit a model to experimental data and to infer biological principles from modeling parameters. Mechanistic approaches generate models based on biological principles and then test how well these models fit experimental data sets. With our iterative approach, we are beginning to break down the line between these complementary approaches. This opens up new opportunities for guiding metabolic engineering efforts aimed at modulating monoterpenoid essential oil profiles in peppermint leaves. We are also evaluating the utility of peppermint to produce novel essential oils (in particular those accumulating highly valuable chemicals) by introducing heterologous genes from different plant species. The next generation of models will be invaluable in optimizing the performance of this "trichome factory."
MATERIALS AND METHODS
Chemicals, Plant Materials, and Growth Conditions
All chemicals were purchased from Sigma-Aldrich. Peppermint (Mentha 3 piperita 'Black Mitcham') plants were grown on soil (Sunshine Mix LC1; SunGro Horticulture) in a greenhouse with supplemental lighting from sodium vapor lights (850 mmol m 22 s 21 photosynthetically active radiation at plant canopy level) with a 16-h photoperiod and a temperature cycle of 27°C/21°C (day/night). Transgenic plant lines (MFS7a and L3H20) were provided by the laboratory of Dr. R. Croteau at Washington State University. The initial characterization of these transgenic lines was published previously (Mahmoud and Croteau, 2001; Mahmoud et al., 2004) . Plants were watered daily with a fertilizer mix (nitrogen:phosphorus:potassium, 20:20:20 [v/v/v] , plus iron chelate and micronutrients). Stress experiments were performed by (1) reducing water amounts (50% of the regular volume), (2) moving plants to a growth chamber with a 16-h photoperiod at reduced light levels (300 mmol m 22 s 21 photosynthetically active radiation at plant canopy level), and (3) combining a low-light treatment (as above) with high night temperature (30°C/30°C, day/night).
Monoterpene Analysis
Leaves were directly (without prior freezing) steam distilled and solvent extracted using 10 mL of pentane in a condenser-cooled Likens-Nickerson apparatus (Ringer et al., 2003) . Monoterpenes were identified by comparison of retention times and mass spectra with those of authentic standards in gas chromatography with mass spectrometry detection. Quantification was achieved by gas chromatography with flame ionization detection based upon calibration curves with known amounts of authentic standards and normalization to the peak area of camphor as an internal standard (Ringer et al., 2003) .
Glandular Trichome Distribution
The distribution of glandular trichomes on peppermint leaves was evaluated using the method described by Turner et al. (2000) with minor modifications. Briefly, leaves were cut along their blade, and each half was divided into three sampling zones (basal, middle, and apical). Both abaxial and adaxial leaf surfaces were sampled. Transmission electron microscopy grids (50 mesh, 3 mm diameter; containing 12-grid squares with an enclosed area of about 0.18 mm 2 each; Pelco International) were placed on leaf surfaces. trichomes were calculated based on digitized images of leaves (ImageJ, an open source software developed by the National Institutes of Health) using previously described methods (Turner et al., 2000) . The calculations of essential oil volume per trichome were performed as described in Supplemental Data S1.
Real-Time Quantitative PCR
Oil gland secretory cells were isolated from peppermint leaves at 15 and 30 d after leaf emergence using a previously published protocol (Lange et al., 2000) . Total RNA was extracted from isolated secretory cells using the Trizol Reagent (Gibco BRL) according to the manufacturer's instructions. Total RNA (1 mg) was treated with RNase-free DNase (Fermentas Life Science), and firststrand cDNA was synthesized using reverse transcriptase (Invitrogen). RNA isolation and cDNA synthesis were carried out with three independent biological replicate samples. In a 10-mL quantitative PCR, concentrations were adjusted to 18 nM (primers), 2.5 mM [oligo(dT)s], and 0.5 mM (deoxyribonucleotide triphosphates). Reactions were performed on a 96-well optical plate at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 10 min (7500 Real-Time PCR system; Applied Biosystems). Fluorescence intensities of three independent measurements were normalized against the ROX reference dye. For each experimental sample, the amounts of target and endogenous control (b-actin gene; AW255057) were determined using the comparative threshold cycle (C T ) method according to the manufacturer's instructions (Applied Biosystems). The calculated average target value was subtracted from the average endogenous control value to obtain DC T . Firststrand cDNA obtained from RNA of wild-type secretory cells (harvested at late postsecretory stage and thus with very low expression levels of target genes) was used as the template for calibrator measurements as above. The DC T of the calibrator was then subtracted from the DC T of the target to obtain 2DDC T . The relative amount of target, normalized to an endogenous control and relative to the calibrator, was then calculated as relative quantitation = 2 2 DDCT . Thus, the normalized amount of each target is expressed as a unitless number, and all quantities are expressed as an x-fold difference relative to the value obtained with the calibrator sample. Primer design for the genes of interest was performed using the Primer Express software (Applied Biosystems). The following primer pairs (obtained from Sigma-Genosys) were used (gene numbering as in Fig. 1 ): 1, AF019383, forward (F), 5#-AAGAAGCA-GGGCTGAGTCCTAA-3#; reverse (R), 5#-TGTCCTTTCCTCCTCCAATCA-3#; 2, AF116825, F, 5#-CGGCTACCTCGACATTTTCAA-3#; R, 5#-GCGACACC-GCCATTTCC-3#; 4, AF179283, F, 5#-TGTCCCACTGGTGAAGTTTACAA-3#; R, 5#-CTAGCAACACCAATGGATCAATG-3#; 6, AW255909, F, 5#-TCGACCT-GTATGTTGGCA-3#; R, 5#-GATTAGGGCATCCGTAGCATTC-3#; 10, AW255536, F, 5#-CTCGCACTCAACAACTTCGTC-3#; R, 5#-CCCACGATTGTCGAAGA-TAGG-3#; 11, AF124817, F, 5#-CGTTCGGAGCGGGAAGA-3#; R, 5#-CAATG-GAACCTCAACGTTTGC-3#; 15, EU108704, F, 5#-GCCGGAACCGATACGACTTT-3#; R, 5#-TTTTAGGGTACGCGGGTTTTT-3#; 16, AY300163, F, 5#-GGAAGATGCTT-GAAGCTGTGATC-3#; R, 5#-ACTGGGAGACCATCCCACATAC-3#.
Kinetic Mathematical Modeling
Descriptions of modeling assumptions, variables, parameters, and the MATLAB source code are provided in MIRIAM-compatible format (LeNovère et al., 2005) in Supplemental Data S1. Kinetic mathematical modeling to simulate monoterpene profiles in peppermint leaves was performed according to Rios-Estepa et al. (2008) , with several modifications. Briefly, we expanded the model to include the methylerythritol 4-phosphate pathway, which provides the precursors for peppermint monoterpenoid essential oil biosynthesis (Eisenreich et al., 1997) . Our modified model also does not contain the factors p and q, which we had introduced to account for the fraction of PR activity affected by feedback [(+)-menthofuran] and substrate [(+)-pulegone] inhibition, respectively. Instead, a new factor, w, was introduced, which allows us to account for the very small amounts of the intermediate (+)-pulegone retained within the secretory cells (not secreted into the subcuticular oil storage cavity). We continue to utilize the factor z, which accounts for the selective retention of (+)-menthofuran in secretory cells under stress conditions. Furthermore, based on the gene expression data presented here, the enzyme concentrations used in our model were adjusted for different peppermint genotypes grown under various environmental conditions (Supplemental Data S1). A function that accounts for the developmental changes in the density of glandular trichomes was also added to the code of our model. Thus, simulations of essential oil yield and composition in individual glandular trichomes can be extrapolated to the scale of an entire leaf (Supplemental Data S1).
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Data S1. Listing and description of assumptions, estimations, calculations, statistical analysis methods, and code used for mathematical modeling of peppermint essential oil profiles.
